Mu-opioid receptors (MOR) are the therapeutic target for opiate analgesic drugs and also mediate many of the side-effects and addiction liability of these compounds. MOR is a seven-transmembrane domain receptor that couples to intracellular signaling molecules by activating heterotrimeric G proteins. However, the receptor and G protein do not function in isolation but their activities are moderated by several accessory and scaffolding proteins. One important group of accessory proteins is the regulator of G protein signaling (RGS) protein family, a large family of more than thirty members which bind to the activated G␣ subunit of the heterotrimeric G protein and serve to accelerate signal termination. This action negatively modulates receptor signaling and subsequent behavior. Several members of this family, in particular RGS4 and RGS9-2 have been demonstrated to influence MOR signaling and morphine-induced behaviors, including reward. Moreover, this interaction is not unidirectional since morphine has been demonstrated to modulate expression levels of RGS proteins, especially RGS4 and RGS9-2, in a tissue and time dependent manner. In this article, I will discuss our work on the regulation of MOR signaling by RGS protein activity in cultured cell systems in the context of other in vitro and behavioral studies. In addition I will consider implications of the bi-directional interaction between MOR receptor activation and RGS protein activity and whether RGS proteins might provide a suitable and novel target for medications to manage addictive behaviors.
Introduction

The mu-opioid receptor and heterotrimeric G proteins
The mu-opioid receptor (MOR) is responsible for most if not all the observed acute and chronic effects of morphine and related clinically useful and/or abused opioids, such as hydrocodone, oxycodone and heroin, including the addictive properties of this class of compounds. The receptor itself is a seven-transmembrane domain G protein-coupled receptor (GPCR) that interacts with heterotrimeric G proteins (Laugwitz et al., 1993; Clark et al., 2006) . These G proteins link agonist-induced changes in MOR conformation to downstream signaling events that ultimately result in the acute actions of morphine including analgesia, euphoria, constipation and respiratory depression. Continued activation of these signaling pathways leads to homeostatic changes that result in tolerance and the opioid-dependent state (Borgland, 2001; Chao and Nestler, 2004; von Zastrow, 2010) .
Heterotrimeric G proteins comprise three proteins, one G␣ subunit, and a heterodimer of ␤ and ␥ subunits. MOR interacts with the G␣i/o class of adenylate cyclase inhibitory G␣ proteins (Clark et al., 2006) , that is comprised of G␣i (which exists in three forms G␣i1, 2, and 3), G␣o (which has two splice variants A and B) and G␣z. The associated ␤␥ heterodimer is comprised of one of the five different ␤ and one of the twelve different ␥ proteins. In the resting state the G␣ subunit is bound to the guanine nucleotide GDP and is in complex with the ␤ and ␥ subunits (Fig. 1 ). Activation of MOR by agonists leads to dissociation of GDP from the G␣ subunit, which is replaced by GTP, and separation of the G␣-GTP from the ␤␥ heterodimer. The now active G␣-GTP and ␤␥ subunit complex interact with intracellular signaling proteins, including inwardly rectifying potassium channels, calcium channels, phospholipase C and the mitogen-activated protein kinase (MAPK) pathway as well Fig. 1 . Diagram of the G protein cycle. The seven-transmembrane domain MOR is associated with the G␣␤␥ heterotrimeric G protein with the G␣ subunit bound to GDP. Activation of MOR by agonist promotes the exchange of GDP for GTP on the G␣ subunit and separation of the G␣ and ␤␥ subunits which interact with downstream effectors. Active G␣-GTP is hydrolyzed by the GTPase activity of the G␣ subunit to provide G␣-GDP which recombines with the ␤␥ subunits thus terminating signaling. This process is accelerated by the GAP activity of RGS protein binding to the GTPbound G␣ subunit.
as a variety of adenylate cyclase isoforms, to generate physiological responses. The intracellular signal is terminated by endogenous GTPase activity of the G␣ subunit which hydrolyzes the G␣ bound GTP to GDP. G␣-GDP can no longer activate effector proteins and moreover, re-associates with the ␤␥ heterodimer to terminate ␤␥ signaling and reform the GDP-bound heterotrimer. This recycles heterotrimeric G protein substrate for a subsequent round of receptor activation (Fig. 1) . The enzymatic GTPase activity of the G␣i/o subunits is slow with a GTP turnover rate of 2-5 per minute. This is not sufficiently rapid to turn off the signal and allow responses to subsequent incoming signals. However, the rate of hydrolysis of GTP is accelerated approximately 100-fold by the binding of a regulator of G protein signaling (RGS) protein to the active GTP-bound G␣ subunit. RGS proteins thus function as GTPase accelerating proteins (GAPs) and, by rapidly removing the active G␣-GTP and ␤␥ species, act as negative regulators of GPCR signaling; this also likely applies to constitutive, ligand independent, signaling (Welsby et al., 2002) . RGS protein GAP activity is seen at G␣i/o proteins which interact with MOR and also at the G␣q family of G proteins that link a variety of GPCRs to phospholipase C pathways, but not at G␣s proteins which have an efficient intrinsic GTPase activity.
Many addictive substances, including opiates, exert their effects by acting directly or indirectly at GPCRs. Since RGS proteins negatively regulate GPCR signaling these accessory proteins have been implicated in the actions of opiates (for reviews see Traynor and Neubig, 2005; Hooks et al., 2008; Traynor, 2010) .
RGS proteins
There are more than 30 mammalian RGS proteins, defined by the presence of an RH (RGS homology) domain; a region of 125 amino-acids that binds to the GTP-bound G␣ subunit of the heterotrimeric G protein and accelerates GTP hydrolysis (Hollinger and Hepler, 2002) . RGS proteins are divided into several families based on RH domain homology and existence of a variety of additional structural domains (Table 1) . Smaller RGS proteins in the R4 and RZ families consist essentially of the RH domain, although the short N-terminus may be important for receptor recognition and binding. Other RGS proteins have more complex structures with various protein-protein binding sites. A good example is the R7 family, especially RGS9-2 which is highly expressed in the striatum (Gold et al., 1997; Granneman et al., 1998) and in a number of studies has been linked to the action of opiates. RGS9-2 contains a DEP (disheveled, Egl-10, pleckstrin) domain that binds to bind R7-binding protein (R7BP; Martemyanov et al., 2005; Ballon et al., 2006) and a G protein gamma-like (GGL) domain that binds the G protein ␤ subunit ␤5 (G␤5; Witherow et al., 2000) . These protein partners are essential to provide membrane association and stabilize RGS9-2 against degradation (Drenan et al., 2005; Song et al., 2006; Chen et al., 2003) . Several proteins containing RH domains lack GAP activity but contribute to signaling by virtue of their ability to bind and/or scaffold G␣ subunits. For instance, the RH domain of GRK2 (GPCR kinase 2) binds G␣q and inhibits its ability to activate phospholipase C (Day et al., 2004) . The Rho guanine nucleotide exchange factors (RhoGEFs) bind G␣ 12 and G␣ 13 proteins (Kozasa et al., 1998) and couple receptors to Rho-mediated signaling pathways necessary for cell growth, proliferation, and differentiation.
RGS proteins and opioid pharmacology
Not long after the discovery of mammalian RGS proteins it was shown that they were able to act as GAPs for MOR signaling both in vivo and in vitro (Garzon et al., 2001; Clark et al., 2003; Zachariou et al., 2003) . On the other hand, as stated above, there are b RGS17 and RGS20 are also known as RGSZ2 and RGSZ1 respectively; RGS19 is also known as GAIP (G␣-interacting protein). c RGS3 is much larger than other members of the R4 family and has splice variants, some of which include a PDZ domain. d Abbreviations: DEP (disheveled, Egl-10, pleckstrin) domain; GGL (G protein gamma-like) domain; GoLoco (G-protein regulatory) domain; RBD (Raf-like Ras-binding) domain; R7H (R7 homology) domain.
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numerous RGS proteins with GAP activity. Consequently, it is difficult to identify the individual RGS protein or proteins that might be specifically responsible for the negative modulation of opioid signaling in a given tissue and therefore relevant to a particular physiological response. Certainly, there are so many RGS proteins that redundancy is likely. For example, RGS2, RGS4, RGS6, RGS7, RGS8, RGS9-2, RGS11, RGS19 and RGS20 have all been reported to act as GAPs for MOR signaling in different systems (Table 1) . Therefore, it is difficult to ascertain if an observed lack of physiological effect in response to knockdown or knockout of a single RGS protein is meaningful. The RGS4 knockout mouse model provides a good example. This mouse shows little if any phenotypic behavioral responses to morphine compared with wild-type littermates (Grillet et al., 2005; Han et al., 2010 ), yet profound effects of RGS4 on morphine signaling in vitro have been reported (Georgoussi et al., 2006; Xie et al., 2007; Talbot et al., 2010b) . Conversely, the discrete localization of many RGS proteins, especially in the central nervous system (Gold et al., 1997) , together with the complex nature of certain RGS protein families, does indicate potential selectivity for certain receptors and their cognate heterotrimeric G proteins. Indeed, selectivity is enhanced depending on the G␣ protein subtype involved -members of the R7 family are selective for G␣o (Posner et al., 1999; Lan et al., 2000) -and there is also evidence for specificity of interaction between certain GPCRs and RGS proteins (Xu et al., 1999; Wang et al., 2002 Wang et al., , 2009 Bernstein et al., 2004; Saitoh et al., 2002) . There are currently no useful pharmacological inhibitors of RGS proteins available with which to probe roles for these proteins, although progress is being made in this area (Roman et al., 2007; Blazer et al., 2010 Blazer et al., , 2011 . In this paper I will discuss two genetic approaches to the study of the action of RGS proteins on MOR pharmacology. The first approach employs mutated G␣ proteins that are non-responsive to the GAP activity of all RGS proteins which has the benefit of by-passing problems of redundancy. The second approach is knockout (or knockdown) of individual RGS proteins which can provide more direct evidence for roles of individual RGS proteins, if the correct RGS is chosen for study.
Use of RGS-insensitive mutants of G˛ proteins to study opioid receptor signaling
There is a considerable degree of differential distribution of RGS protein family members across brain regions (Gold et al., 1997) , but even so several types of RGS proteins are expressed in regions of the rodent brain that express MOR (Traynor and Neubig, 2005) . Although no direct data are available at the single neuron level there are likely to be several RGS proteins co-expressed with MOR. Certainly, in human neuroblastoma SH-SY5Y cells that endogenously express MOR we have identified the presence of RGS2, RGS3, RGS4, RGS5, RGS6, RGS7, RGS8 and RGS19 by RT-PCR (Wang and Traynor, unpublished observations) . It is therefore difficult to study each individual RGS protein for its ability to act as a GAP for MOR signaling because: (a) there are potentially many RGS partners for MOR signaling, although one can make educated guesses (see below); (b) there may be redundancy in the system such that knocking down one particular RGS proteins does not mean that RGS GAP activity at MOR is inhibited; (c) there is a lack of tools, especially antibodies for RGS proteins. To circumvent these problems the approach we have taken is to use mutated G␣i/o proteins that are insensitive to the GAP activity of all RGS proteins.
RGS proteins have GAP activity by virtue of their ability to bind to the G␣ subunit of the heterotrimeric G protein in its active GTP bound conformation (Tesmer et al., 1997) . Binding and therefore GAP activity can be prevented by replacing Gly 184 in the switch 1 region of a G␣ protein with Ser (Lan et al., 1998) . This leads to an increased life-time of G␣-GTP and ␤␥ subunits, accumulation of these active signaling molecules and enhanced interaction with downstream effectors. Heterologous expression of the mutant G␣ in cell systems (Clark et al., 2003) or genetic knock-in of the mutant G␣ in mice (Huang et al., 2006; Talbot et al., 2010a ) provides a powerful technique that allows observation of the action of the role of GAP activity at a heterotrimeric G protein mediated pathway and/or behavior, regardless of which RGS protein is carrying out this function. Moreover, since only one G␣ protein is mutated any change in signaling or behavior observed can be ascribed to that particular G␣ subtype.
In rat C6 glioma cells that heterologously express MOR (C6MOR) and RGS-insensitive G␣o, the concentration-effect curve for morphine to inhibit adenylate cyclase, which occurs via G␣-GTP, is dramatically altered, giving both an increase in potency and efficacy (Clark et al., 2003; Fig. 2) . This approach highlights the very powerful ability of RGS protein GAP action to negatively regulate MOR signaling. A similar effect is observed for the ␤␥-mediated activation of MAPK. Strangely, the release of intracellular calcium which also occurs downstream of ␤␥ is not altered and in some instances is decreased. This unexpected phenomenon has also been observed at the dopamine D2 receptor (Boutet-Robinet et al., 2003) . The reason for this difference between two pathways that are both activated via the ␤␥ heterodimer can be explained by a kinetic scaffolding mechanism whereby the close proximity of receptor, effector and RGS, enhances the response by renewing heterotrimeric G protein substrate Clark et al., 2003) . Importantly, this differential effect on signaling pathways means that the GAP activity of RGS proteins contributes to the process of signaling pathway selection in a cell following agonist action at MOR.
Inhibition of GAP activity in C6MOR cells has a more profound effect on the maximal response to morphine than the higher efficacy MOR peptidic agonist DAMGO and so knockdown of RGS activity increases the maximal effect of morphine relative to DAMGO. The knockout of RGS activity in these cells has an even greater effect on the maximal response of less efficacious partial agonists such as buprenorphine and nalbuphine. As a result, depending on the level of RGS protein activity buprenorphine may be seen as a full or partial agonist (Clark et al., 2008) . This indicates that RGS protein activity is an important cellular component that determines observed maximal response to agonists, in addition to other tissue dependent determinants such as receptor number and G protein level (Kenakin, 1997) . By extrapolation therefore, in vivo inhibition of RGS protein GAP activity would be predicted to have a more profound effect in promoting one behavior (e.g., analgesia) without necessarily increasing an unwanted behavior (e.g., respiratory depression) depending on the efficacy requirements of the systems (Traynor, 2004; Blazer and Neubig, 2009 ). Further selectivity might be gained by inhibition of defined RGS proteins and so it can be speculated that enhancement of the maximal analgesic response to morphine by inhibition of a certain RGS protein may occur without enhancement of other responses, e.g., constipation or reward, that might be modulated by a different RGS protein.
Since blockade of RGS protein GAP activity increases signaling it was not unexpected to observe a similar increase in the development of tolerance in a heterologous cell expression system in the presence of RGS-insensitive G␣o protein (Clark and Traynor, 2005) . This indicates that endogenous RGS protein action serves to lessen tolerance development. However, this apparently simple idea is confounded by the fact that RGS proteins decrease opioid signaling to downstream effectors and this may appear as tolerance, thus the observed outcome is not easy to predict. In the few behavioral experiments that have been performed, in vivo knockdown or knockout of R7 family proteins in mice delays the development of antinociceptive tolerance Garzon et al., 2001 Garzon et al., , 2003 . This is presumably because acute signaling leading to antinociception pathways is enhanced to a greater extent than the signaling pathways leading to antinociceptive tolerance. Furthermore, it has also been shown that morphine treatment in vivo up-regulates RGS9-2 (see Section 3). This would increase the negative modulation of MOR signaling and so provide an additional mechanism for tolerance .
Use of RGS-insensitive G␣o protein in heterologously expressed cell systems also demonstrates that endogenous RGS proteins limit the development of opioid dependence. At the single cell level opioid dependence can be measured as a sensitization of adenylate cyclase activity on withdrawal of chronic drug exposure (Watts, 2002; Divin et al., 2009 ). This may be related to dependence in vivo (Bohn et al., 2000; Zachariou et al., 2008) . In this case behavioral results agree with the cellular findings. Thus, the RGS9-2 knockout mouse shows enhanced morphine withdrawal, indicating a greater degree of physical dependence , and one strain of RGS4 knockout mice shows increases in several withdrawal behaviors (Han et al., 2010) .
Roles of individual RGS proteins on opioid signaling
An alternative approach is to study individual RGS proteins for their effects on MOR signaling and behavior. This suffers from the problems of redundancy and of having to identify the correct RGS protein partner, but can provide more direct evidence as to those RGS protein(s) that are relevant to a particular response. I will concentrate on two RGS proteins, RGS4 and RGS9-2 for which there is considerable evidence of modulation of MOR agonist signaling and/or behavior.
2.2.1. RGS4. RGS4 is a small RGS protein and is essentially a nonselective GAP that acts at the G␣i/o, G␣z and G␣q families of G␣ proteins (Zhong and Neubig, 2001; Zheng et al., 1999) . It is abundant and expressed in many brain regions (Gold et al., 1997; Nomoto et al., 1997) including striatum, thalamus, locus coeruleus and dorsal horn of the spinal cord which express high levels of MOR (Mansour et al., 1995) . RGS4 is up-regulated in the dorsal horn of the spinal cord following nerve injury (Garnier et al., 2003) , a change that may contribute to the lack of effectiveness of morphine in neuropathic pain.
RGS4 has been shown to act as a GAP for MOR signaling in in vitro assays using purified proteins and in several heterologous expression systems (Garnier et al., 2003; Georgoussi et al., 2006; Xie et al., 2007; Talbot et al., 2010b; Ippolito et al., 2002) . RGS4 has also been demonstrated to immunoprecipitate with MOR (Leontiadis et al., 2009 ). In contrast, experiments using RGS4 constitutive knockout mice have shown little phenotypic behavior towards morphine (Grillet et al., 2005; Han et al., 2010) . However, mice with a selective knockout of RGS4 in the nucleus accumbens (NAc) do show a small increase in sensitivity to the rewarding effects of morphine as measured by place preference assay, and in the development of locomotor sensitization (Han et al., 2010) . As a compromise between these systems we have studied RGS4 activity in SH-SY5Y cells. These cells express a high concentration of RGS4 as well as MOR and delta opioid receptors (DOR). Expression of RGSinsensitive G␣o protein in these cells confirmed that MOR signaling is negatively modulated by endogenous GAP activity. Knockdown of RGS4 protein by lentiviral delivery of short hairpin RNA (shRNA) targeting the RGS4 gene did not alter MOR signaling whereas DOR and muscarinic M3 receptor signaling were markedly increased (Wang et al., 2009) . Subsequent immunoprecipitation studies in HEK cells indicated that the C-terminal tail of the receptor governs the selectivity of RGS4 (Wang et al., 2009) , although this interaction may not be direct, but via scaffolding proteins such as spinophilin (Wang et al., 2005) . This finding agrees with the lack of phenotypic behavior towards morphine in RGS4 knockout mice, but disagrees with other in vitro data (Xie et al., 2007; Talbot et al., 2010b; Ippolito et al., 2002; Georgoussi et al., 2006) . One explanation for these disparate findings is that MOR is promiscuous with regard to RGS protein activity, possibly because the MOR-G␣-RGS4 interaction is of lower affinity that the DOR-G␣-RGS4 interaction (Wang et al., 2009 ) and therefore MOR signaling simply employs an alternative RGS protein, i.e., a redundancy.
2.2.2. RGS9-2. RGS9-2 is a splice variant of the RGS9 gene Granneman et al., 1998 ) that acts as a GAP at G␣i/o but not G␣q proteins. It is highly, but not exclusively, expressed in the striatum in regions similar to many dopamine specific proteins (Greengard et al., 1999) . RGS9-2 acts. RGS9-2 has therefore been considered a likely partner for GPCRs involved in mediating the actions of drugs of abuse, including MOR (Traynor and Neubig, 2005; Hooks et al., 2008; Traynor et al., 2009 ). This of course does not mean that RGS9-2 must modulate MOR signaling. In fact, there has been no direct identification of the co-localization of both proteins within a single neuron, although in separate studies RGS9-2 (Cabrera-Vera et al., 2004) and MOR (Wang et al., 1997; Jabourian et al., 2005) have been identified in medium spiny neurons and cholinergic interneurons in rat striatum. Certainly, at a gross level RGS9-2 is expressed throughout the dorsal and ventral striatum (Gold et al., 1997) whereas the distribution of MOR is patchy (Mansour et al., 1995) . Regardless, RGS9-2 has been shown to be an effective GAP for MOR signaling in vitro and to alter MORmediated behaviors in vivo.
The modulation of MOR signaling by RGS9-2 is less contentious than for RGS4. Mice null for the RGS9 gene show increased sensitivity to morphine in conditioned place preference assays and enhanced locomotor sensitization to morphine-which can be reversed by restoring RGS9-2 levels (but not RGS4 levels) in the NAc . Since RGS9-2 markedly alters stimulant behaviors and acts as a negative modulator of dopamine D2 signaling Cabrera-Vera et al., 2004 ) the effects of the RGS9 knockout on these opioid-mediated behaviors may be indirect. On the other hand RGS9-2 is also found, albeit at lower levels, in the periaquaductal gray (PAG) and in the dorsal horn of the spinal cord. RGS9 knockout mice show enhanced morphine antinociception compared to their wild-type littermates and antinociceptive tolerance is slowed . Moreover, RGS9-2 is an efficient GAP for MOR signaling in heterologous expression systems (Psifogeorgou et al., 2007) suggesting at least some of the actions of RGS9-2 on MOR-mediated behaviors may be direct.
Opioid regulation of RGS proteins
A number of studies have demonstrated that RGS9-2 and RGS4 expression are altered at the level of either protein or message following MOR agonist treatment in rodents, although the findings are variable depending on time of agonist exposure and brain region studied and reports are inconsistent. In the mouse, acute morphine treatment has been reported to up-regulate RGS9-2 protein in the NAc, PAG and spinal cord while chronic morphine down-regulates RGS9-2 protein in these regions . In contrast Lopez-Fando et al. (1995) show in the mouse that chronic morphine leads to increases in both RGS9-2 protein and message in the PAG, thalamus and striatum. The situation is even more complex with RGS4. For example, it has been reported that following acute morphine treatment in the rat there is an increase in RGS4 message in the NAc, which disagrees with a decrease in RGS4 protein reported to occur in this region in the mouse (Han et al., 2010) . There is also a decrease in RGS4 mRNA in the locus coereulus (LC) that becomes an increase as morphine treatment is continued (Bishop et al., 2002) . In contrast, another group reports no change in RGS4 mRNA in the rat LC with chronic morphine treatment, but a 2-fold increase in RGS4 protein. Moreover, RGS4 protein reverts to resting levels following naltrexone-precipitated withdrawal, even though there is a marked increase in RGS4 mRNA under these conditions . Taken together these findings indicate a disconnection between changes at the mRNA and protein level.
It has been shown that RGS4 mRNA is increased by morphine treatment in PC12 cells heterologously expressing MOR (Nakagawa et al., 2001) . Consequently, to study MOR agonist regulation of RGS proteins we again turned to the SH-SY5Y cell system. Unlike the PC12 cell system we observed no up-regulation of RGS4 following acute MOR agonist treatment, but did find that chronic treatment with the MOR agonists morphine or DAMGO led to a marked down regulation of RGS4 at the protein level, with no change in mRNA (Wang and Traynor, 2011) , again indicating a disconnect between message and protein. This reduction in RGS4 was surprising, given that RGS4 does not modulate MOR signaling in these cells, but could support our hypothesis that there is redundancy of GAP activity at MOR (Wang et al., 2009) . RGS4 is an unstable protein and is readily degraded by ubiquitination. In the presence of MOR agonist there is increased ubiquitination and degradation. The reduction in RGS4 protein was accompanied by marked MOR down-regulation, possible suggesting that RGS4 is stabilized in a complex with receptor and G␣ protein, especially since the N-terminus is the site for both ubiquitination (Davydov and Varshavsky, 2000) and for receptor interaction (Zeng et al., 1998; Wang et al., 2009) This reduction in cellular RGS4 levels causes enhanced signaling at coexpressed DOR and M3 receptors which are negatively modulated by RGS4, but not ␣2 adrenoreceptors or bradykinin BK2 receptors which are not sensitive to RGS4 modulation ( Fig. 3 ; Wang and Traynor, 2011) . The findings indicate that RGS4 modulation provides a mechanism for cross-talk between co-expressed receptors and may contribute to homeostatic changes in response to chronic opioid exposure. Indeed, following opioid-mediated reduction of Fig. 3 . Schematic to indicate how MOR agonist-induced down-regulation of RGS4 protein which negatively modulates signaling to DOR and muscarinic M3 receptors, allows for increased signaling at these receptors, including exposure of an ability of M3 receptors to stimulate AC activity via increased Ca 2+ release.
This figure was originally published in Wang and Traynor (2011) . © The American Society for Biochemistry and Molecular Biology.
RGS4 the muscarinic agonist carbachol acting via G␣q stimulates calcium-sensitive adenylate cyclase enzymes (AC1 and AC8; Fig. 3 ) which could be a contributor to the adenylate cyclase sensitization that occurs in response to chronic MOR agonist.
Conclusions-relevance to addiction
The interaction between RGS proteins and MOR appears to be a bi-directional. Opioid receptor signaling is negatively modulated by RGS protein activity and at least some RGS proteins are in turn regulated by MOR activity, though this may be up or down-regulation depending on the circumstances and the timing of the response. Both have implications for the pharmacology of morphine. The changes in RGS proteins caused by MOR agonists not only serve to alter MOR signaling but have the potential to regulate signaling at receptors co-expressed with MOR; this could very well have implications for maintaining cellular homeostasis in the morphinedependent state. Knockout of RGS9-2 or RGS4 protein activity in the NAc enhances morphine-induced conditioned place preference and locomotor sensitization, and consequently, compounds that promote RGS activity-for example by stabilization of the protein (Wang and Traynor, 2011) would be expected to reduce rewarding behaviors and presumably potential to cause addiction. However, since RGS9-2 also negatively modulates the analgesic effect of morphine enhancement of RGS9-2 activity will decrease the analgesic effectiveness of morphine. On the other hand, a recent report suggests that, depending on the site of action (spinal versus supraspinal) morphine's analgesic activity may be enhanced or inhibited by RGS9-2 .
The rewarding effects of MOR agonists involve an inhibition of GABA release in the ventral tegmental area (VTA), leading to disinhibition of dopaminergic projections to the NAc and increased release of dopamine, together with a direct effect in the NAc to increase dopamine release (Koob et al., 1998) . There are several RGS proteins expressed in these regions including RGS2, RGS4, RGS8, RGS5, RGS7, RGS9-2, RGS10 in the NAc, and RGS2, RGS3, RGS4, RGS6, RGS7, RGS8 in the VTA (Gold et al., 1997; Wang and Traynor, unpublished observations) and it will be important to understand their role(s) in the addictive process. As we learn more about individual RGS proteins and their role in MOR signaling and behaviors, and as inhibitors and activators are discovered, we will learn if these proteins do indeed represent targets for a novel approach to the management of opiate addiction.
Role of funding source
Funding for this study was provided by DA 04087 and the University of Michigan Substance Abuse Research Center. Neither funding source had any input into the writing of the manuscript or the decision to submit for publication.
Contributors
John Traynor wrote this report. Much of the data mentioned in this review was collected by members of the Traynor laboratory at the University of Michigan.
Conflict of interest
No conflict declared.
